Abstract. This paper presents an experimental evaluation of moisture transfer of a novel membrane which is used in enthalpy heat exchanger. The moister transfer through a membrane was investigated in a model of counter flow heat exchanger and the effectiveness of moister transfer was evaluated for various flow velocities. It was found that the measuring error, i.e. difference between moister absorbed and released is quite high. Therefore, measuring uncertainty analyses were performed. The resulting uncertainty of effectiveness of moister transfer was derived using partial derivatives of all influencing quantities and considering both random and systematic uncertainties. It was found that measuring of mass flow rate has the biggest influence on resulting uncertainty of moister transfer effectiveness. Therefore, accuracy of measured air flow rates measuring must be improved to reach lower resulting uncertainty.
Introduction
Air ventilation is important to maintain healthy condition for residential building, especially in cold climate areas. However, ventilation causes a huge energy lost, which has to be compensated by heating. Therefore, heat exchangers are used to get back part of heat energy from exhaust air and convey it to the fresh air. In the last decades, researchers focused on conventional heat exchangers which can recover only sensible heat. On the demand of increasing indoor air quality and decreasing energy consumed by the ventilation system, total heat exchanger (or enthalpy heat exchanger) has been investigated because of the following advantages: Total heat exchanger can recover not only sensible but also latent heat from exhaust air which means higher potential use. Moreover, by using enthalpy heat exchanger, we can avoid or reduce condensation and frost inside a heat exchanger, which is one of the most important disadvantages of aluminium or plastic based conventional heat exchangers when working at temperatures lower than dew point or freezing point temperature, respectively [1] , [2] . Among several types of total heat exchangers, membrane-based enthalpy heat exchangers have great potential thanks to compactness and lightweight.
Due to the complex coupling between heat and moisture transfer, research and development of membranes for membrane-based heat exchanger is still in an early state and need more effort from researchers. Huge number of mathematical and numerical models were conducted to estimate effectiveness of heat and moisture transfer, pressure drop and so on, such as in works [2] - [5] . Many researches also focus on experimental method to evaluate prototype models or novel membranes, such as [1] , [6] - [8] . Many investigations have been done, but most of researchers focused on their own configurations, there were no general model due to complex combinations of different factors.
As continuation of preliminary work [6] , this paper presents evaluation of moisture transfer of novel membranes and a decent analysis of uncertainty in calculating moisture transfer effectiveness.
Moisture transfer
Structure of membranes prevents transfer of dust or polluted air while enable molecules of water to pass through. There are several driving forces, which cause the transfer of moisture though membrane, such as the difference of density and pressure between both sides of the membrane. Membrane separates the exhaust and supplied flow, prevents dust, bacterium and poisonous substances like CO, CO 2 , CH 4 and so on, meanwhile it allows moisture from exhaust air pass through to supplied air.
A specific experimental enthalpy exchanger for testing moisture transfer through membrane was build. Due to the real-life working condition of the enthalpy exchanger, we consider the driving force comes only from the density's difference. Therefore, we tried to ensure temperature, pressure of both flows (dry and moist airflow) are equal to each other during the whole measurement.
Psychometric diagram (figure 3) shows amount of specific humidity ǻx resp. specific enthalpy of the supply ǻh and the exhaust air, which are transferred to supply air flow. Their relation is given by equation
where ݈ is specific latent heat of vaporization
Experimental arrangement
The figure 4 describes experimental arrangement. Dry compressed air flows to T-junction (4) where it is divided into two ways. One of them is humidified by flowing through a vaporizer (7) . By doing that, two levels of humidified air were created: high humidity of average around 75% and low humidity of averaged around 60%. Volumetric flows of humidified and dry airs are controlled by valves (6) and then flow into experimental enthalpy exchanger, where they flow in counter flow arrangement but separated from each other by novel membrane (11) . Volumetric flows were set from 200 litres per hour to 2000 litres per hour which correspond to typical flow velocity of (0.26 ÷ 2.58) m/s. We used high precision FHAD36R sensors to measure relative humidity, temperature, barometric pressure of dry and humidified airflows before and after moisture transfer through novel membrane. Device Almeno 2590 was used to log these values to PC for every second during measurement.
Effectiveness of moisture transfer
From the equation (2), effectiveness of latent heat transfer could be defined from [9] as
where x is specific humidity defined as
For calculation specific humidity from relative humidity, equation below is usually used [9] ‫ݔ‬ ൌ ͲǤʹʹ
where ‫̶‬ is the partial pressure of saturated vapor calculated by
in which t is temperature of air flow.
Process of moisture transfer through membrane is a sequence of two "sub-process". Firstly, absorption moisture of membrane from exhaust air with more humidity and secondly, moisture release from membrane to supply, dryer air. Relative measuring error of effectiveness of moisture transfer is given by ratio of difference of transferred humidity from both sides of membrane, i.e. difference between absorption and release, and average transferred humidity. For equal mass flow rates of dry air, the relative measuring error of effectiveness of moisture transfer is defined by ratio
Uncertainty
The uncertainties of experimental measurements are connected to the accuracy, reliability of measuring instruments and the way they are manipulated. Uncertainty of every measuring device is defined as function of two values: random uncertainty and systematic uncertainty.
Standard deviation is defined as
where ‫ݔ‬ҧ is the mean value and n is the number of measurements Random uncertainty ߜ (also known as uncertainty type A) is caused by unknown reasons and can be calculated from standard deviation. It means that random uncertainty follows from measured data as
The systematic uncertainty ߜ ௌ (also known as uncertainty type B) relates to several factors, first is given by the manufacturer and secondly by calibrations. The systematic uncertainty is specified by the manufacturer of the measuring device.
The total uncertainty then is
If quantity A is not measured directly, but it is a function of some other quantities ሺ ୧ ሻ , then uncertainty of quantity A is according work [10] 
where డሺ୶ ሻ డ୶ is partial derivation of quantity and ‫ݔߜ‬ is the uncertainty of . In following text, we used these formulas to specify uncertainty of effectiveness of moisture transfer.
Effectiveness of moisture transfer is defined as a ratio of actually transferred (released) humidity into dryer air and maximum theoretical humidity, which can be absorbed from moister air
The uncertainty of effectiveness is calculated
where
Temperatures, relative humidity, atmospheric pressure
Device Almeno and sensors FHAD36R were used to monitor and log relative humidity, temperature of airflows and barometric pressure. Sensor FHAD36R has accuracy ± 1% of relative humidity and long-term stability is lower than 1% of relative humidity [11] .
Temperatures, relative humidity, atmospheric pressure are three quantities that we got directly from raw data. Their uncertainties then can be derived using equations (8) and (9) .
Saturation pressure of water vapour of moist air
Quality ‫̶‬ can be calculated using equation specified in [6] , and its uncertainty is function of temperature of the air. We can obtain this value by using partial derivation with the variable of temperature
Then uncertainty of ‫̶‬ is then
Specific humidity ‫ݔ‬ is given by equation
where ߮ is relative humidity. The uncertainty of specific humidity is derived as
Volumetric flow
It is important to maintain flow rates in two flows at given values during measurement. We use two variable area meters (rotameters) to monitor mass flows; their factory's uncertainty is ± 3%. We also verified their accuracy by using another high precise volume meter. We absorbed that, these rotameters work well at flow rates from 400÷1600 l/h but the position of rotating float became unstable. In addition, pressure of airflow before and after passing the float differed. The actual volumetric flow is given by read nominal volumetric flow and by both, nominal and actual densities by relation
where ሶ ୬ is the nominal value of flow, which is read on the scale of variable area meter, ɏ ୬ is nominal density and ɏ ୫ is actual density of flowing air.
The uncertainty of volumetric flow is
Mass flows
Relation between mass flow rate of dry air ݉ሶ ௗ௬ and measured volumetric flow rate ܸ ሶ is
The uncertainty of mass flow rate is
where partial derivatives are
and
Density of moist air
Density of moist air according to [9] is calculated from equation of state of ideal gas as a mixture of dry air and water vapour
With room condition we can use bellow equation [9] ߩ ௦௧ ൌ ͳǤ͵ͳ ή ͳͲ
In the same way, we calculated the density's uncertainty of moist air.
Results
Uncertainties' source analysis First, we evaluate the uncertainty of the moisture transfer. Effectiveness and its uncertainty at the flow rate 200 l/h is ሺ͵Ǥͺͻ േ ͳǤͷ͵ሻΨ. Contributions of uncertainty of individual quantities to resulting uncertainty of effectiveness are in table 1. Measurement of mass flow rates contributes to the resulting relative uncertainty by 2.4% each. The rest uncertainty is caused by measuring values of specific humidity and the highest contributions of 51.8% and 41.8% are given by measurement of x i1 and x e2 respectively, while influence of x e1 is negligible and of 2%. That means the uncertainties of specific humidity have the dominant impact on uncertainty of measuring moisture transfer. Analysis components of uncertainty of measuring specific humidity unveils the dominant causes (table 2.). Which are the uncertainty of relative humidity, contributes 28.6% and the uncertainty of partial saturated moist air, contributes 71.4%. In other hand, partial saturated moist air is the function of only temperature (equation14.). Therefore, reducing the uncertainty of measuring flows' temperature and relative humidity will help reducing uncertainty of efficiency measurement. Figure 5 shows the curve of effectiveness of presented membrane: the lower the velocity of airflow is, the greater is the effectiveness. It is clear that the velocity of airflows has great impact on the value of effectiveness. Along with that, graph also presents the uncertainty of measurement. The greater efficiency is, the bigger uncertainties values are.
Moisture transfer's efficiency of membranes

Error and uncertainty of measurement
Error in this paper presents the difference between moisture absorbed and released by membrane. The measurement was carried out when the moisture absorption and release process of membrane are stable. However, it is difficult to prove that these processes are parallel, especially due to accumulation of water inside membranes.
While uncertainty of measurement is relevant, the error values is considerable (table 4) . This can be expressed in term of "high precision but less accuracy", means that measured values are close to each other but far from the "true" or acceptable values, read [12] . For this particulate sample, the error values are fairly small but for some others the errors are greater. Empirically, we noticed that the error values has strong connection to the ability of moisture transfer of membrane -if a membrane has a high moisture transfer effectiveness, then low measuring error is obtained and vice versa (with other conditions remain unchanged). 
Discussion and conclusion
By analysis measuring uncertainties we unveiled that the uncertainty of sensors FHAD36R cause the imprecision. Actually, according to manufacturer, those sensors are very accuracy and precision. We may need to perform a calibration on them, or try other devices to compare results. Although the measuring error was acceptable, there are still possible ways to improve measuring procedure. Based on experiences during this experimental investigation, we would like to consider improving our testing device. First, we need to log mass flow rates continuously into PC during the entire testing process by precise digital mass flow meters. By doing this, we can reduce uncertainty of flow rates.
The change of inlet relative humidity due to change in airflow velocity is carried out in table 4. Upper row is the velocity of airflow (m/s) and the lower row is the corresponding relative humidity (%). This phenomenon makes the evaluation of effectiveness less impact. Ideally, humidity of airflows should be stable and constant across for all flow velocities and all tested membranes. Second, we will add a soft-seat valve right after the flap (5) to control more precisely the mass flow rate of air entering the vaporizer or design and use more convenient vaporizer.
Third it would be beneficial to use different approach to specify partial pressure of saturated vapour than equation (6) .
Ambient temperature should be maintained unchanged during measurement (sometime lab's temperature changed significantly during a single measurement).
